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ABSTRACT

Opticzl absorption and reflectivity studies were carried out
on a variety of cubic SiC samples. Two additional indirect transitions
at 3.55 eV and 4.2 eV have been found. In N-type cubic SiC the inter-
conduction band tramsition ch to X3c has been accurately located.
Results have been compared with recent band calculations of Herman,
Van Dyke and Kortum.

Two additional papers were prepared dealing with a general
discussicon of the dependence of the physical properties on polytype

structure and the optical properties of polytypes of SiC.
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I, INTRODUCTION

The objective of this contract was to perform optical
experiments which would lead to a further understanding of the band
structure of some of the simpler polytypes of SiC.

In general, it would be most satisfying if it were possible to
compare the experimental results with a calculation of the band structure
derived f£rom first principles. Unfortunately, the present state of the
theoretical art does not permit this. 1In fact, experimenters furnish
the theorists with certain key parzmeters and then a semi-empirical band
structure calculation is undertaken. In the case of S$iC, the zincblende
modification is the one most amenable to a calculation because of its
relative simplicity. Fortunately, at the start of this support period,
Dr. Frank Herman and his collaborators were interested in performing a
calculation on cubic SiC and it was felt that it would be most useful
if one could furnish them with new and better experimental results,
Indeed, it is for this reason that our effort has been concentrated on
cubic SiC and at all stages of the work we have been in close contact
with Dr. Herman.

The result of the experimental work on cubic SiC has been the
discovery of two additional indirect trensitions and a direct inter-
conduction band transition for N-type samples. Previously reported

structure in the reflectivity at 4.6 eV by Wheeler can now be attributed




34

XSV TR

s o

AT XY Mad s

T

PR RS S

Uil Aaaaras

he

gare il

to an unknown artifact and is not the onset of the direct transition at
the center of the Brillouinm zone. The most recent band calculation of
Herman, Van Dyke and Kortum, which uses our previously reported value,
for the first indirect gap, r15 to xlc shows no direct transition below
6 eV and bears out the fact that we have seen no structure in the
reflectivity until approximately 6 eV. In addition, we are in good
agreement with the second iIndirect transition, L3v to ch at 3.55 eV,
but find a third indirect tramsition at 4.2 eV which is as yet unidenti-
fied. The direct transition threshold seen in N-type samples at 3.05 eV
is to be compared with the calculated separation ch to X3c of 2.7 eV.
Such agreement is considered quite satisfactory. A very good start has
been made at fulfilling the rather ambitious program of elucidating the
band structures of 4H, 6H, 15R, 21R, and cubic SiC, but clearly it will

take much more werk before even the simplest of the hexagonal and

rhombohedral band structures are understood.

II. JINSTRUMENTATION

(a) Optical Absorption

The reflectivity of a large band gap semiconductor prior to the
onset of the direct transivions is primarily governed by the real part of
the complex .index of refraction. Furthermore, we can relate the refractive
. . . . da(hv') . . .
index n, in this region, to T where o is the ordinary absorption
coefficient. Yor an allowed band-~to-band indirect transition, o is

2 - .
proportional to (hv - Eg) whereas for an allowed direct transition, «

is proportional to (hv - Eg)llz. From this it can be seen that structure
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in the reflectivity mighkt be expected at the onset of a dire:t

transition but not for an indirect transition.

Under these :ircumstances it is desirable to supplement
reflectivity studies with absorption measuremerts. Ore would like to-
extend the ordinary transmission measurements right up to tha threshold
of the first strong direct transitions. This means making measurements
of o of about 50,000 cm_}. To make good measurements in such a regime
requires the preparation of single crystals with a thickness of the
order of a micron and optical equipment with extremely smzall light
scattering.

Crystals were prepared in the following manner:

(a) Ideally, select a flat sample about 50 to 100y in thickness which
is a single polytype, as deduced from Lace X-ray studies and

optical examination.

(b) Make up a small amount of solution of type 650 Owens-Illinois glass
resin using 257 by weight of the 650-0~1 golid and 75% by weight
electronic grade acetone. The resin stock should be kept in a
refrigerator at all times and even then it has a limited lifetime.
If the solution does not appear absolutely clear, it should be

carefully filtered.

(¢) Thoroughly clean a 1/2 inch diameter, 1 mm thick, Suprasil II disc

having a good optical polish.

(d) Put one drop of resin solution on the Suprasil disc and allow to

dry for one hour while covering with a glass jar.
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Place flat cide of crystal against resin and push on top of crystal
wiin a small teflon-tipped plunger. Put disc and plunger combina-
tion on a hot plate which has been pre-heated to about 150°C and
allew to cure for one hcur. This makes a fairly permanent bond

between the sample and the quartz disc.

Attach digc to stainiess steel grinding fixture with an appropriate
cement. Grind crystal with 600 and 1000 mesh boron carbide on flat

plate glass. Frequently, check thickness under the microscope.

Below a thickness of 15u the boron carbide is discontinued. One
now uses 6p diamond paste on a solder lap. Below a thickness of 5p,
only 1/2p diamond paste is used. For each stage of polishing,
separate solder laps should be used. Below 10up thickness, micro-
scopic examination becomes most difficult and it is best to rely on
actual transmission measurements of the crystal. It should be noted
that the crystal is never removed from the disc and measurements
are made through the ultra-pure silica disc and resin film. Since
neither the uitra-pure silica nor the resin film have any appre-
ciable absorption down to 2000 X, this was perfectly adequate for

our measurements.

Figure 1 is a block diagram of the system used for waking the

transmission measurements. For reasons already mentioned, one is pri-

marily concerned with the reduction of scattered light and not with high

spectral resolution. Normally, three light sources are used, a tungsten

ribbon, a xenon high pressure arc, and a deuterium arc. All light source

supplies are regulated to 0.1%. The light is chopped at 33 cycles and

-4 -
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pre-filtered by a variety of Corning glass filters. After passing thror ™
the double monochromator, the light is further filtered by apwnropriate
liquid c21ls. An example of such a liquid filter wouid be a 2 cm dia-
meter and 12 cm long cylinder filled with a NiSOa solution. The cylinder
has two ultra-pure silica end windows which are attached with wax. The
light is then ra-focussed onto the crystal which is mounted on a machined
slide. The slide has two positions, one for the crystal and the other

for an open hole. The signal is measured with an RCA 7200 photomultiplier,

amplified, phase-detected, and finally read-out on a counter.

(b) Reflectivity

For the experiments conducted during this contract period, it
was necessary to perform careful reflectivity measurements £rom 3000 g
to 1500 8. A rebuilt Seya-Namioka 1/2-meter grating instrument was used
and a block diagram of the system is shown in Fig. 2. For the 3000 A
to 1500 & region, a Nester-type lamp filled with deuterium is used. A
small fraction of the light is fed back to a photomultiplier through a
light pipe whose front surface is covered with sodium salicylate. The
photomultiplier signal is fed to a feedback network which in turn controls
the current to the lamp. In this way the light output is kept constant
to about 0.17% for small periods of time. It has been observed that the
light output steadily declines with the number of hours the lamp is in
operation. This has been traced to a deposit which forms on the outside
surface of the MgF2 lamp-window which is exposed to the intense ultra-
violet light. This deposit is easily removed with electronic grade

acetone. Recently, a liquid nitrogen cold fringer has been installed

)
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nrear the lamp window and it has reduczd the rate at which the deposit
forcs on the window. After the light has passed through the entrance
siit. 1t is chopped at 200 cycles by a tuning fork chopper and ther
dispersed by the 1180 iine per o concave gratimg. Down te 1100 g, the
grating is an aluninum replica covered with 230 R of MgF,. For experi-
ments beiow 1100 39 the gratiag is covered with plztinum. Simiiar
considerations hold for 211 the mirrors in our systen.

The light is refocussed oato the samplz by the spherical
mirroxr Hz. It weuld be desirable te use 2 toroidal mirrcr at this point
‘to correct for some of the astigmatism. This is particularly pressing
when very snmall sapples are used and 2 good bit of light is lost because
of the elomgated image. Mirror Hz can be adjusted for up aad down and
sideways displacemeat of the iImage even while the reflectometer chamber
is under vacuum.

When small samples are used, as was the case of cubic SiC, it
is desirabie not to move the sample during the period of measurement.
For this reason we built a reflectometer with a light pipe which rotates
in front of the sample as shown in Fig. 2. In the usual system the light
pipve rotates concentric with the sample. Despite the fact that ihe former
system is scmewhat asymmetric, we have found little difference for the
relative values of the reflectivity obtained by either scheme.

The light pipe window is covered with a thin layer of sodium
salicylate deposited by means of a fine, oscillating, spray of sodium
salicylate diluted in methyl alcohol. The part of the light pipe near

the entrance window is aluminized in order not to lose those light rays

which are not subject to total internal reflectionm.

-6 -
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An RCA 8575 photomultiplier was chosen betause of its excellent
dark-current characteristics and because its peak response is close to
that of the sodium salycilate luminescence. To further discriminate
against stray light, the RCA 8375 entrance is covered with a Corning
5562 filter which closely matches the peak luminescence of our phosphor
and rejects all other visible light.

The maximum output curreat is held to 10--7 amperes s0 as to
assure z very high degree of linearity in our wmeasurements. The signal
is amplified, phase-detected, and converted to a digiral sigral which is
read-out on 2 50-megacycle counter. At varicus stages of the electronics,
meters are used to insure that no componens is being driven into a non-
linear region. When all components are working properly, we are able
to reproduce our results to better than 0.5Z.

Under some circumstances, structure can be enhanced at low
temperature. A stainless steel dewar with MgF2 windows and a separate
vacuum system has been constructed and fits either the concentric or the
off-axis reflectometer. The dewar is connected to a separate vacuum

system which maintains a pressure at the sample of about 5 x 10"7 Torr.

Great care is taken to trap out all oil vapors and the sample is further
cryopumped by a cold cavity which almost totally surrounds it. The
sample can be raised in and out of the beam by means of a vacuum bellows
connected to a gear. We judge the dewar to work adequately by the obser-
vation that even after several hours of cooling the saumple reflectivity
in the extreme ultraviolet has not changed much. Finally, it should be

noted that the dewar can be used for absorption as well zs reflectivity

experiments.




II1X. RESULTS AND PUBLICATIONS

During the sponsorship of this program a number of experiments

were brought to a successful conclusion, the results of which have besn

written up in two scientific papers whose abstracts are repeated herc

and whose coumplete texts are given in Appendices 4 and B.

(A) Optical Absorption in N-Type Cubic SiC

Abstract

Nitrogen doping of cubic $iC increases the optical
absorption in two regions. The free-carrier intraband absorp-
tion has a wavelength dependence of 12'8. An additional
narrow band near 3.1 eV is shown to be the direct interband
transition from the xlc conduction band to the higher x3c
band. The relationship to Biedermann's work on other SiC

polytypes is indicated.

(B) Higher Absorption Edges in Cubic SiC
Abstract

In addition to the known indirect absorption edge
of cubic SiC at 2.39 eV, measurements of light absorption in
thin samples reveal indirect edges at 3.55 and 4.2 eV. Com-
parisons are made with calculated band separations. The

4 cm-l. There is

absorption coefficient at 5 eV is 2.4 x 10
no absorption edge near 4.6 eV as suggested by some
reflectivity measurements., The first direct transiticn

appears to be near 6 eV.

In addition, two technical papers of a more general natu:ie

were prepared and are given in full in Appendices C and D,
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(a)

(b)
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(C) Dependence of Phﬁéical Propertias
on Polytype Structure

Abstract

The physical properties cf SiC are classified
according to the degree of their dependence on polytype. The
relationship of polytype dependence to wave-vector dependence
is explained, and is illustrated by a number of examples.

The correlation of polytype properties with hexagonality is

also considered.

(D) Optical Properties of Polytypes of SiC:
Ianterband Absorption, and Luminescence
of Nitrogen-Exciton Complexes

Abstract

A summary is given of the optical absorption in
seven pclytvpes of SiC. Nitrogen-exciton four-particle and
three-particle spectra for a number of polytypes are dis-~
cussed. Combining energies from four-particle and three-
particle no-phonon data to yield values for donor ionization

energies are reviewed.

IV. RECOMMENDATIONS FOR FUTURE WORK

Study the higher abscrption edges in 15R, 21R, and 4H SiC by means

of transmission measurements on thin single crystals.

Extend transmission technique to crystalline films grown on Si

substrates.

Study the signatures of different surface preparations on optical

reflectivity in the U.V.
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Make a detailed study of the reflectivity of 6H, 4H, 15R, 21R, and

cubic SiC from 4 eV to 20 eV.

Study details in the reflectivity by means of differential

techniques.

- 10 -
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APPENDIX A —- Optical Absorption in N-Type Cubic SiC




LR OIS

Lo 3 200 e T S

Ciamasnins

AP Gt i

- HW flpw 3 iRARL AR Y i)

i T AL

fton ik S 2

March 7, 19€9

*
OPTICAL ABSORPTION IN N-TYPE CUBIC SiC

Lyle Patrick ard W. J. Choyke

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Nitrogen doping -of cubic SiC increases the optical absorption

in two regions. The free-carrier intraband absorption has a wavelengtl

2.8

dependence of A\~ . An additional narrow band near 3.1 eV is show.. to
be the direct interband transition from the xlc conduction band to the
higher X3c band. The relationskip to Biedermann's work on otwer 3iC

polytypes is indicated.

*The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
under Contract AF 19(628)-68-C-0272, but the repcri does not necessarily
reflect endorsement by the sronsor.
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I. INTRODUCTION

We nave compared the optical absorption of n~type samples of
cubic SiC with that of relatively pure specimens. The n-type samples
have additional, absorption of itwo kinds, one of which is the usual
frec-carrier intraband absorption.(l) The other n-type a2bsorption is
a rather narrow band with a maximum at 5.1 eV, and can be attributed to
the transition of electrons in the ch conduction band to the higher
X3e band. This is an allowed direct transition.

Such interband transitions in n-type crystals were observed

A Y
(2) They are responsibie for the

by Biedermann in several SiC polytypes.
well-known colors of nitrogen~doped samples, e.g. green 6H and yellow
15R. ‘The cubic n-type interband absorption differs from those reported
for the other polytypes in three respects. (1) No part of the absorp-
tion band lies in the visible range, hence it does not contribute to
crystal color. (2) The direct n-type absorption falls within the energy
range of the intrinsic indirect interband absorption. (3) Omly a single
isotropic absorption band is fourd, because of the high symmetry of the
cubic SiC band structure.

The lower limit of the interband transitions, about 3.05 ev,
yields a value of the ch - X3c

agreement with some of the calculated values.

band separation which is in good
(3,%) We discuss the
possibility of distinguishing between absorption by electrons in the

conduction band and by those bound to donor atoms. The wavelength
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dependence of the iree-carrier intraband absorption yields information
on the electron-scattering mechanisms. Either polar or impurity

scattering (or both) appear to be consistent with the experimental

resulis,

II. EXPERIMENTAL

A. Crystal Preparation

All measurements were made on vapor-grown crystals thet
originated as cubic overgrowths on hexegonal crystals,(s) the over-
growths being deposited during the cooling period of the crystal growing
furnace:(6) The nexagonal parts were grownd off, leaving small but
good quality single crystals of cubic SIiC, as shown by Laue transmission
X-ray pictures. Various pressures of nitrogen were used in th2 furnace
during crystal growth. No elecirical measurcments were made on the
small cubic crystals, but measurements on hexagonal crystals grown in
the same furnace show donor densities ranging from 1017/cm3 at the

lowest nitrogen pressures to 1019/cm9 or more at the highest.

B. Experimental Resulis

The absorption of an n-type crystal is compared with that of
a pure rrystal in Fig, 1. The relatively pure A crystal probably has a
donor density of order 1017/cm3, but no evidence of the donors is found
in the optical measurements. It has an indirect absorption edge at
236 ev.(7) The n-type B crystal is thought to have a donor density of
order 1019/cm3. Other crystels were found to kave different intensities

of the 3.1 eV absorption band, and the intensity correlated qualitatively
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with the nitrogen pressure in the crystal-growing furnace, and with a

color change to be described later. ;
The additional n-type absorption near 3.1l eV, Ax = 0n = Oy

is plotted in Fig. 2. It is an asymmetric bard, but the shape cannot

be determined accurately because of the uncertainty in A in the wings.

Because of the difficulty of measuring absolute absorphion coefficients

on small crystals, the difference between the two crystals, A, is not

reliable when it is much smaller than qho At h.29K the 3.1 eV band

narrcvws considerably ard moves to a slightly higher energy. At TTOK

the width of the band is close to that at 4.2°K.

IIT. DISCUSSION

A Irterband Absorption

Cubic SiC has the zincblende structure. Both theory and
experiment suggest that the extra interband absorption in n-tyre samples
should be attributed to direct transitions from the ch cond.action bend
+0 the higher X}c band.(8) Recent band calculations by Hermsn, Van Dyke,
X

and Kortum show an X separation of sbout 2.7 eV, compared

lc =~ “3c
with about 3.05 eV for the observed absorption edge (Fig. 2). Experi-
mentally, the energies of the phonons emitted in the indirect exciton
recombination transitions were measured.(7) These phonons conserve
crystal momentum, and therefore have the sane k values as the conduction
band minima. The degeneracy of the transverse phonon modes in the

exciton spectrum shows that the conduction band minime lie in directions

of high symmetry. The L positions are then excluded by noting that the
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Thus, we conclude that the conduction band minima are
very likely at X.

A similer trapsition, also at X, is observed in n-type Ga?P
at 0.k ev.(lo) Basseni remerks thet the X . - x3 . Splitting, which
is Gue to the antisymmetric wcrition of the crystal potential, is large
for smell atoms.(ll) Biedermann made sbsorption measurements on n-type
samples of several other Sif polytypes, and attributed the absorption
to éirect transitions from the conduction band to bhigher bands.(a)
However, the bands betweern whick the transitions take place have not
been identified for these polytypes, because the exact positions of the
conduction band minima are aot yet known.

In recent measurements(lg) on the donor--.nduced transitions
in 64 SiC, an attempt was made to distipguish between absorption by
electrons bound to donors and by conduction band electrons. In cubic
SiC we find only a single absorption band, which narrows and shifts to
higher energy at 4,29, fThe shift of about 15 meV is possibly due to a
change in interband separation. The band shape and the bané narrowing
at low temperature are not unlike those observed for the inter-valence-
band transitions between bands 1 and 3 in p-type Ge. A comparison of
experimental and calculated absorption was possible for Ge,(IB’lh) but
it requires band parameters which are not known for cubic SiC. In any
case, the absorption band shape is not well known experimentally, as

noted above, and it is not expected to be very different for electrons

bound to domors or in the conduction band.(lD) Thus, we think that the




experimental results do not answer the question of the initial location
of the electrons.

If we examine the date for the 6H absorption band in Ref. 12
we find that a thermal shift in the interband spacing and thermai
broadening can gueditatively expirein the cbserved temperature dependence.
Hence; we fe=l that the presence of two distinct absorption mechanisms
has not yet been shown. In both the cubic and the 6H SiC data, impurity
banding may blur the distinction between bound and free electrons, for

the donor densities were of order lolgjbmj.

B. Intraband Absorption

The free-carrier irtraband absorption (0.6 to 2.0 eV) is
similar to that found for other vpclytypes by Biedermann(e) and others.(l5)
It is customary to plot this portion of the absorption on log~log paper
to find the index s that best describes the wave-length dependence in
the formula o = const. A°. The classical value, s = 2, is not found
for the photon energies employed here, which are large compared with
either the thermal energy kT or the SiC phonon energies., Instead, s is

expected to depend on the electron-scattering mechanism that transfers

the absorbed energy to the lattice. Visvanathan finds s = 2,5 for

polar mode scattering, and s = 3 for impurity scattering.(l6) For

the data in Fig. 1 we find s

2.8, in fair agreement, considering
theoretical and experimental uncertainties, with either or both of
these mechanisms.

For the room-temperature electron mobility in cubic Sir, polar

mode scattering is unimportant because of the high L0 phonon energy of
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0.12 eV.(9) However, in opticel absorption, the intermediate state
electron is effectively s "hot" electron, having an energy > 0.0 eV,

thus making emission of 10 phonons an important mechanism of energy loss.

C. Crystal Color

The coloring of SiC crystals by nitrogen has often been noted.
The cormon 6H and 15R polytypes are transparent when pure, but green
and yellow respectively when enough of the donor nitrogen is presens.
Presumably, eny cther donor would be equally effective. Crystals of
these polytypes are uniaxial, and Biedermann's measurements show a
strong dichroism. However, the typical 3iC crystal platelet has its
large dimensicn perpendicular to the ¢ axis, so that only the ordinary
ray color is observed unless windows are polished on the parrow crystal
edges. The complexity of these absorption bands is a reflection of the
complex band structure of such polytypes as 6F and 15R, which, in turn,
has made it difficult to locate the positions of their conduction band
minima precisely. In contrast, cubic SiC has the relatively simple
zincblende structure, and, consequently, a cimple isotropic absorption
band.

Unlike the other polytypes, cubic SiC is not colored by tne
n-type interband absorption, for 3 eV is beyond the range of sensitivity
of the eye. Nevertheless, strong nitrogen doping is observed to change
the crystal color from a pale canary yellow to a greenish yellow, as
previously noted.(17) The yellow of pure crystals is due to the intrinsic
but weak absorption in the blue. The shift towards the green in
pitrogen-doped crystals is due to the free-carrier intraband absorpticn,

which absorbs red preferentially.

-6 -
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Fig. 1

Fig. 2

FIGURE CAPTIONS

Absorption spectra of cubic SiC crystals A (dashed) and
B {solid) at 300°K. Crystal A is relatively pure; crystal B

is strongly n-tyve (verhaps 1019,/cm9 donors).

Difference of crystal A and B absorption coefficients (Ax)

near 3.1 eV, at 300°K (solid) and at 4.2% (dashed).
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HICHER ABSORPTICN EDGES Il CUBIC SiC*
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Abstract

In additior to the xnown indirect absorption edge of cubic

SiC at 2.39 eV, measurements of light absorption in thin samples reveal

BRIy S L Lt vy sy e

indirect edges at 3.55 and 4.2 eV. Comparisons are made with calculated

band separations. The absorption coefficient at 5 eV is 2.4 x lolL cm-l.

it st pes

There is no 2bscrption edge near 4.6 eV as suggested by some reflectivity

] measurements. The first direct transition appears to bte near 6 ev.

TR

Agae RSN

*The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
unéer Contract No. F19628-68-c-0272, but the report does not
necessarily reflect endorsement by the sponsor.




I. INTRODUCTION

We have measured the absorption of light in cubic SiC from
2.35 to 5.0 eV, a region in which there are three indirect absorption
edges and no direct edges. We have also made preliminary measurements
of the reflectivity which show that the first direct transitions occur
near 6 eV, not at 4.6 eV as previously thought.

Cubic SiC has the zincblende structure, which is considerably
simpler than that of the common 6H and 15R polytypes,(l) a fact evident
in meny experimental results. However, experimental work has been
bampered by the difficulty of growing adequate-sized crystals of cubic
SiC, a low-~tcmperature polytype. Our measurements were made on both
vapor-growrn and solution~-grown single crystals whose origin and prepara-
t:ion will be discussed.

Because of the simple structure, cubic SiC is the polybype for
vhich most energy-band calculations have been made,(e’a) and it is there-
fore the logical one for UV reflectivity measurements with which to
test and assist the semi-empirical calculations. However, the range in
which absorption takes place only through indirect (phonon-assisted)
transitions is more than 3 eV, and such trensitions do not generate
structure in the reflectivity.(h) Hence, an adequate test of band
calculations requires one to supplement reflection with absorption

measurements to locate the indirect edges. The use of thin samples,
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obtained by grinding and polishins, enzbled us to find two additional
edges beyond the raage of pnoton energies used in earlier measurements
of the first absorntion edge.(ﬁ) Similar additiopal indirect 2dges were
previcusly reported for 64 Sic.(é)
Earliier measurerments of the low-~-temperature luminescence,(5)
and of the absorption in n-type samples,(T) identified the 2.39 eV
indirect trensitions as ch - Pliv' Ve row find a secornd ebsorption
edge at 5.55 eV, which is cluse to the valuve suggested for the transi-
tions ch - Liv by tke recent calculestions of Herman, Van Dyke, and
Kord -.(2) Possivie identification of a third indirect edge at 4.2 ev
will be discussed.

For indirect irensitions an approximate but siwpie method of

analyzing the avsorption datza will be outlined before the experimental

results are given.

IT, INDIRECT TRANSITIONS

The smellest energy gap of cubic SiC is 2.39 eV at h.2°K,(5)
&nd the absorption edge has the shape expected for indivect transitions

(8)

in vwhich excitons are created. However, the detailed theory cannot
be applied to successive indirect transitions at higher energies because
lifetime broadening makes it impossible to observe the exciton and
phonon structure., In addition, the ususl formula has energy denominators
vhich can be considered constant only over a very limited range of
photon energies. We wish to analyze absorption data from 2.39 to 5.0 eV,

a range in which the unknown energy denominators may wvary by factors of

five or ten. We therefore cannot hope to extract a great number of
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parameters from our data. However, we are primarily interested in
locating the approximate positions of absorpiion thresholds, arnd that
is an easier task.

In examining the similar problem in 64 SiC it was fournd that
a plot of 0}/2 versus photon energy showed distinct linear sectionms,
and that the data could be fitted by the simple formula

2
o =Tcri -Yki(gv-Egi)

—

vhere a is the absorption constant in cm-l, the A, are constants, and

i
the Egi are energy thresholds. Tnis is an approximate forwule in which
all fine structure is disregarded.(6) The trus energy thresholds were

estimated to be somewhat higher when allowance was made for exciton end

phonon structure. The problem in cubic SiC is the same, and the same

procedure will again be used to analyze the data.

ITI. EXPERIMENTAL FROCEDURES

A. Sample Preparaticn

Measurements were mede on six vapor-grown crystals obtained
from R.B. Campbell of Westinghouse Astronuclear Laboratory, and one
solution-grown crystal kindly supplied by A. Rosengreen of Stanford
Research Institute.

The vapor-grown crystals originated as cubic overgrowths on
hexagonal crystals, the overgrowths forming during the cooling period
of the crystal-growing furnace.(9) The hexagonal parts were ground off,

leaving small but good quality single crystals of cubic SiC, as shown




by Laue transmission X-ray pictures. Strongly n-type crystals were not
used, for they have a donor-induced atsorption band which overlaps and
is sometimes comparable in sirength with the intrinsic absorptien.(?)
Thin specimens were needed for measurements at high photon
energies. These were obtained, down to 3.Tp, by grinding and polishing

crystals bonded to Suprasil II(lo) (11)

with Type 650 O-I Glass Resin.
The final thickness of a ground specimen was determined, probably within
10%, by comparing its absorption with that of a sample of measured
thickness, in a spectral region in which good absorption measurements
could be made or both.

The Stanford Research Institute crystal, grown from Si

(12)

solution, was approximately l2u thick, as measured by its trans-

(3)

mission interference fringes. However, there are growth terraces
or the surfaces, so the thickness may vary from about 11 to 13u. It
had only a very weak donor-induced absorption mear 3.1 eV. In comparing

absorption spectra, no differences between vapor-grown and solution-

grown crystals vwere detected, nor between polished and unpolished ecrystals.

B. Measurement of Transmitted Light

The relative transmission of the samples was measured by a
standard comparison method. We used a Jarrel-Ash double monochromator
with gratings blazed at 3C00 R. The light source was a regulated xenon
arc, and scattered light was reduced by the use of Corning filters and,
above 3.8 eV, by various combinations of liguid UV filters.(lu) At the
higher energies it becomes increasingly hard to find good filter

combinations.
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Samples of the proper thickness were chosen to give a
convenient range of optical densities for each spectral region. The
samples were at room temperature for all measurements. Cooling the
sample does not improve the resolubtion at the higher absorption edges,

for the resolution is limited not by thermal, dbui by lifetime broadening.

IV. EXPERDMENTAL RESULTS

To cover a wide energy range it was necessary to make
measurements on samples of various thicknesses. The results of all
measurements were combined to plot Fige. 1, which shows 0}/2 versus
photon energy, the plot commonly used for indirect transitions. The
absorption coefficient et 5 eV is about 2.4 x 10h cnt, Figure 1 shows
three numbered linear segments (solid lines) connected Ly transition
regions (dotted). The linear parts are extrapolated (brokea lines) to
indicate hcw one obtains the additional absorption for fitting each
lirear segment in turn. The procedure is given more fully in Ref. 6.

The data have been fitted by Eq. 1, using the values of Ai
and Eg‘ showr in Table I. Experimental points fall within the width of
the solid lines. At high energies, however, the 10% uncertainty in
sample thickness results in a 10% uncertainty in absolute absorption
coefficient. This does not affect the values of the Egi’ in which the
uncertainty is due to owr inability to resolve exciton and phonon
structure. As in Ref. 6, we estimate the true Egi to be somewhat higher

than the fitted values. The third column of Table I shows the estimated

values that we use for comparison with the calculated band structure.
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Notice that the values of the Ai increase with increasing

Egi' This is, in part, the way in which our simple formula takes into
account the fact that, ir the ccmplete formula for the second-order
trensitions, the energy denominators decrease as the photon energy
increases., The same effect was observed in f£itting the 6H SiC

(6)

absorption.

V. DISCUSSION

A. Comparison with Reflectivity Results

An important result is that we observe no additionel absorpticn
beginning at 4.6 eV, where Wheeler reported structure in the reflec-
tivity.(IS) The structure was tentatively interpreted as a direct
transition, but now appears to be an artifact due to surface properties
or to the experimental procedure. We also made reflectivity measurements
in this region, but we observed no structure below 6.0 eV, where there

16)

is a reflectivity peak.( 4t photon energies too low for direct
transitions, the reflectivity is determined largely by the real part of
the dielectric constant,(h’é) hence the first reflectiviby peak at

6.0 eV is thought to correspond closely to the minimum energy of direct
transitions.

We may note here that Wheeler also reported structure in the
reflectivity of 6K SiC at k4.6 eV.(ls) Our absorption measurements for
this polytype showed an absorption component beginning near 4.6 eV,
with an energy dependence apparently like that of an indirect transi-

tion.(6) Since indirect transitions do not generate structure in the

reflectivity we concluded that we could not rule out the possibility

-6 -
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that the 4.6 eV edge was direct. It now appears likely that Wheeler’s
OH reflectivity structure at 4.6 eV is also an artifact, with a similar

origin to the cubic structure, and that the absorption edge we observed

is indeed indirect.

B. Comparison with Calcuiated Band Structure

Herman, Van Dyke, and Kortum have made an OPW calculation of
the energy-band structure of cubic SiC, using Kohn-Sham exchange.(z)
This calculation shcvs good agreement with two observed band separations,
namely 2.35 eV for ch - Pliv’ the indirect band gap, and 3.0 €V for
X3c - ch, ‘the donor-induced absorption edge.(T) It also shows an
ch - st separation close to our experimental value of 3.55 eV for the
second indirzct edge. Hovever, the next indirect transition suggested
by the calculated band structure is Llc - rlﬁv at about 5.6 eV, much
higher than the observed third edge at 4.2 V. If the calculeted value
were reduced to 4.2 eV by adjusting Llc’ to force agreement with experi-
ment, it would also reduce the calculated Llc - L3v direct transition
to S.4 eV, and we do not observe a peak in reflectivity at this energy.

Thus, the 4.2 eV absorption edge remains unidentified.
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TABLE I -~ Parameters used in fitting Fig. 1, and
estimated values of Eg when some allow-

ance is made for exciton structure.

Titted Estimated
A Eg Eg
(107 ca~tev?) (ev) (ev)
105 2‘51 2‘35
2.7 3.48 3455
9.6 l&.lﬁ 4,20
-8 -
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other reported structure and, if' possible, to improve on previous

worke.
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FIGURE CAPTION

Plot of &1/2 versus hv over the whole range of measurements,
showing three lineer portions. Measured values fall con
straight-line segments (solid), or in transitional rzgions
(dotted). The first two straight-line segments are

extrapolated (dashed) to emphasize the teginning of additional

absorption.
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*
DEPENDENCE OF PHYS1CAL PROPERTIES ON POLYTYPE STRUCTURE

Lyle Patrick

Westinghcuse Research Laboratories
Pittsburgh, Pennsylvania 15235

Abstract

The physical properties of SiC are classified according to
the degree of their dependence on pelytype. The relationship of poly-
type dependence to wave-vector dependence is explained, and is
illustrated by a number of examples. The correlation of polytype

properties with hexagonality is also considered.

The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
under Contract AF 19(628)-68-C-0272, but the report dnes not
necessarily reflect endorsement by the sponsor.
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I. INTRGDUCTICN

The semiconductor properties of n-type SiC have a strong
dependence on polytype. On the other hand, many other SiC properties
show little or no polytype dependence. The object of this paper is to
classify physical properties in a way that provides a qualitative
explanation of the degree of their polytype dupendence. For this
purpose, properties are put into three classes, A, B, and C, according
to a certain aspect of their wave-number dependence. The relationship
between polytype dependence and wave-number dependence is found by
considering the polytype structure in reciprocal space, as determined
by the positions and structure factors of the planes of enpergy discon-
tinuity. Class A properties can be further classified by polytype
hexagonality (percent h) in an empirical scheme that apparently accounts
for the effects of anisotropy. Both classifications can be used not

only for SiC polytypes, but also for the similar family of ZnS polytypes.

Examples of the three wave-number dependent classes of

properties are given in Table I. We define the classes as follows -

(A) Class A properties depend on wave vectors at the origin of
the large zone (k = 0), or along the zone axis (kz # 0).

Cnly small polytype differences are expected.

{B) Class B properties depend on a symmetrically related set

of wave vectors at the large zone boundary. Such properties

may show large polytype differences.

(C) Class C properties depend on a weighted average over all
wave vectors. These poltype differences are usually small,
but occasionally the large weighting of a particular set of

wave vectors leads to significant poltype differences.
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TABLE 1

Wave-Vector Classification
of SiC Physical Properties

Axial or zero wave vector

Direct energy gap at zone center
Hole masses and mobilities
X-ray coincidences

Axial phonon dispersion curves
Axial acoustic velocities

Zone-boundary wave vector

1.

.
-

™o

Indirect energy gaps

Electron massaes and mobilities
Exciton luminescence

N-type dichroism

Crystal growth?

Weighted average over k

1.
2.
3.
4.
5.

Dielectric function

Reflectivity

Birefringence

Thermal conductivity and expansion
Thermal expansion anomaly
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The classification according to hexagonality cr "percent h"
introduces an order parvameter defined by the hk polytype notation.Cl)
It serves to correlate the small class A differences that carnot be

explained by their wave-number dependence. The essential factor appears
to be a regular increasing anisotropy of many properties with increasing

hexagonaltiy.

ITI. LARGE ZONE STRUCTURE

Polytype comparisons in reciprocal space (k space) are

(2,3) An axial dimension

facilitated by the use of standard large zones.
of Nn/c is chosen, where N is the number c¢f atomic layers in the stzck-
ing sequence (Lhe number that appears in the Ramsdell symbcl NH or NR).
N#/c is a constant, independent of polytype, for the unit cell dimen-
sion ¢ is proportional to N. Thus, we compare polytypes in zones of

the same volume.

(4)

This is an extension of the method that Birman used to
compare the band structures of the two fundamental ZnS polytypes,

3C (zincblende) and 2H (wurtzite)., He chose one of the threefold zinc-
blende axes to align with thke unique wurtzite axis.* This method of
comparing corresponding regions of k space in the 3C and 2H structures
was again shown to be significant in recent band structure calculations

for ZnS.(5’6)

When the standard large zone is used for the higher polytypes,
it is cut by many planes of energy discontinuity (hereafter called
E-D planes). This is illustrated for polytype 33R in Fig. 1, which
shows half of a large-zone mirror plane. The zone axis is at the left.
All other lines indicate the traces of E-D planes, including those that

form the boundaries of the zone (heavy lines). The planes are of two

*Choosing one of the threefold axes is equivalent to considering cubic
8iC as the basic rhombohedral polytype, i.e. as 3R instead of 3C.
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kinds, horizontal and oblique, and we must consider the character and
the effects of these two sets of E-D planes in order to make polytype

comparisons.

The horizental lines represent E-D planes of the form
(000,3n) with integral n. However, in calculating structure factors
it is common practice to use a single atomic scattering factor for all
Si atoms, and another for all C atoms, and to consider z2ll interplanar
spacings equai. In this approximation ail of the (000,3n) structure
factors vanish except for (000,%33), which correspoud to the top and
bottom boundaries (heavy lines in Fig. 1). Thus, the dashed horizontal
lires represent E-D planes made possible by the lower translational
symmetry of polytype 33R, but for which the energy discontinuities are,
in fact, very small because the true structure differs only slightly
frem the ideal tetrahedral structure. The corresponding X-ray reflec-
tions have not been observed. There is no comparable strength limita-
tion on the other set of E-D planes, the set indicated by the oblique

lines which form the complex network at the right of Fig. 1.

In the standard large zone of any polytype there is a similar
grouping into two sets of E-D planes.* In all cases the interior planas
perpendicular to the axis reprasent extremely small discontinuities,
whereas the top and bottom boundaries correspond to the strong (000,iN)
reflections, which have the same normalized structure factors for all
poltypes. The second set of E-D planes corresponds to the oblique
lines of Fig. 1, but the number of planes, the positions, and the

structure factors of this set all vary from one polytype to another.

We conclude that the large zone of any polytvpe shows a central
region free of strong E-D planes, top and bottom of equally strong
(000,+N) planes, and a set of oblique E-D planes that is characteristic

of the polytype. The part of k-space showing distinct polytype

*The number of E-D planes in both sets increases with increasing size
of the unit cell. Cubic SiC has no interior E-D planes. In hexagonal,
as opposed to rhombohedral polytypes, the structure factors of some of
the planes perpendicular to the axis vanish identically because of the
hexagonal symmetry.
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characteristics is therefore the neighborhood of the large zone boundary,
excluding that part formed by the (000,*N) planes. These common struc~

tural features of polytypes lead to the A, B, C classification of

properties.

If the periodic crystal potential is regarded as a
perturbation(7) it is clear that, for a given wave vector, polytype
differences are associated with differences in nearby E-D planes.

Since there are no such differences along the large zone axis, in the
usual structure factor approximation, one expects only small polytype
differences for class A properties. On the other hand, a conductien
band minimum near the large-zone boundary occurs at a critical point
vhich, in going from one polytype to another, is shifted in both
position and energy by the changing configuration of oblique E-D planes.

Consequently, there may be large differences for class B properties.

The argument given here is only qualitative, but many
experimental resuits in both SiC and ZnS polytypes can be understood
on the basis of this classification. Some properties depending on the
E-D planes ( or reciprocal lattice points) are X-ray reflectionms,
electronic structure, phonon dispersion curves, and the many physical

properties that depend indirectly on electrons and phonons.

ITI. EXPERIMENTAL RESULTS

In this section we review some experimental recults that
throw light on the polytype dependence of the property measured. We

discuss the examples listed in Table I, following the same oxder.

A. Class A

The SiC zone center energy gaps (Al) have not been measured,
but the ZnS band gaps are at the zone center, and they show a polytype

(8)

variation of only 3% of the gap. Polytype comparisons of hole masses
and mobilities (A2) have not been made in either SiC or ZnS pclytypes.

Only small differences are expected except perhaps for cubic. The
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valence band of the cubic form is unique because of its higher symmetry,

hence higher degeneracy. The X~-ray coincidences (A3) for (000,2N)

9

and will not be discussed.

. 10 .
Raman scattering measurements( ) show that a single set of

reflections are well known,

axial phonon dispersion curves (A4) is satisfactory, within 1%, for
four polytypes (Fig. 2). The equivalence of axial acoustic velocities
(AS) follows from this result. In these measurements doublets were
observed that indicate small energy discontinuities at E-D planes of
the form (000,3n) for which the structure factors vanish in the usual
approximation (except when 3n = N). Thus, exact calculations must
indeed censider the small changes in atomic scattering factors and
interplanar spacings permitted by crystal symmetry. These changes
result in small polytype-dependent distortions of the basic tetrahedral

structure.

The measured class A differences are all small, and they are
probably reiated to the small tetrahedral distortions. They can be
correlated empirically with "percent h", and will be considered further

in Sec. 1V,
B. Class B

The indirect gaps of SiC polytypes (Bl) vary from 2.39 to

2
(11,12) The conduction band minima are at the X positions in

3.33 evV.
cubic SiC,* in the region of the large zone where E-D planes have a

strong dependence on polytype. It is not surprisirng, then, that the
corresponding minima change, with changing polytype, in position, in
number, and in energy. All electronic properties, such as masses and
mobilities (B2) therefore depend strongly on polytype. Consideravie
differences were reported in the electron mobilities of 6H, 15R, and

(13)

4H polytypes. Mass and mobility anisotropies have not yet been

measured, but are expected to show a strong polytype dependence also.

*This position in the standard large zone is shown in Fig. 4 of
Ref. 2.
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The energies in ths SiC luminescence spectra depend on
polytype because of the energy gaps, and so do phonons emitted in the
indirect transitions, because of the changing positions of the conduc-
tion band minima. Therefore, highly complex and characteristic

speccra(lé) are observed for excitor recombination radiation (B3).

N-type samples of SiC polytypes show a striking dichroism
(B4) because of direct transitions from the conduction band minima to
higher minima.(ls) Since both initial and final states have k vectors
ocn polytype. The most familiar of these are the ordinary ray colors
(E_L c) because the typical platelet is thin in the direction of the
optic axis. One observes green in 6H, yellow in 15R, the depth of

color depending on the density of electrons in the conduction band or

on donor atoms.

The most striking polytype differences in SiC are due to the
positions of the conduction band minima, as indicated a2bove. No such
differences are observed in the direct-gap ZnS polytypes. Although
polytype series are known in som:2 other materials, none compares with

8iC in variability of physical properties.

The listing of crystal growth here (B5) is speculative. It
is meant to suggest that, in determining the structure of a crystal
nucleus, a small class B contyibution to the free energy, with its
strong polytype dependence, may be as significant as a much larger

class A or C contribution with weak polytype dependence.

The growth of high polytypes is usually attributed to the
(1

growth spiral mechanism, but there are four or five basic forms that
probably result from thermodynamic considerations. They have different,
but overlapping ranges of growth temperatures.(l6) Little is known
about the more significant nucleation temperatures. It seems likely
that there is a very delicate balance of free energies, with several
contributing factors. Our discussion will be confined to one possible

class B contribution.
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The sharpest growth temperature boundary seems to be that
between 2H below 1430°C and cubic above.(lz) This is a change from the
polytype with the largest energy gap to that with thz smallest. It is
therefore marked by a large increase in carvier populations. The
(negative) free energy contribution of holes and electrons is quite
insignificant at low temperatures, and even at 1430°C it is very much
smallexr than that of the lattice vibrations, but the latter is class C
and probably has a very smail polytype dependence. Thus, the relatively
small energy gap of cubic S$iC may favor its appearance in this

temperature range.
C. Class C

The dielectric function (Cl) involves all k vectors, but is
strongly weighted for photon energies near direct transition thresholds.
Thus, a class C property may have some class A or B character near a
threshold if the transition occurs at a k vector on the axis (A) or the
zone boundary (B). The low-frequency dielectric constant has been
measured only for 6H SiC,(l7) but is likely to be independent of poly-

type to a good approximation.

The dielectric function controls the reflectivity {C2) which
should have the same general appearance in all polytypes, but distinctive
detail wherever the zone-boundary direct transition structure can be
resolved., Similarities in SiC polytype reflectivities have been stressed

by Wheeler,(ls)
(19)

but some distinctive polytype differences have been

found. For ZnS polytypes also, a2 generzl similarity but some dis-

tinct differences in reflectivity wevre found by Baars.(zo)

The dielectric function also determines the birefringence (C3),

(®

which has been measured for many ZnS polytypes. However, the measure-
[+

ments were made at 5460 A, where the zone-center transitions may be

dominant, giving the birefringence more of a class A character. Thus,

the correlation with hexagonality is expected.

e

Thermal conductivity and thermal erpansion (C4) are expected

to have little polytype dependence except for a slight anisotropy which




T
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may vary with hexagonality. However, a distinct thermal expansion
anomaly (C5) was found in 6H SiC.(Zl) From 400 to 1000°K there is

preferential expansion along the ¢ axis. This 1s probably due to the

high density of phonon states associated with the flat, low-frequeacy,

planar acoustic.branch in the axial direction. The phonon dispersion
(10)

indicate a density of s:-ates peak in the frequency spectrum

ar 265 cm"l (380°K), which apparently lies below 211 other such peaks.

curves

Thus, at 400°K there-is a preferred ponulation of modes propagating
along the crystal axis, leading to a preferred expansion direction

which persists until the optical phonon branches are excited.

IV. CORRELATION WITH “PERCENT h"

The wave-vector classification makes no reference to the

observed tetrahedral distortions, and explains nc class A polytype

differences. These minor differences are correlated in a very satis-

factory manner by the cmpirical 'percent h" scheme. It works, not only

for SiC and ZnS polytypes, but also for certain metallic alloys which

form structures analogous to polytypes.

The alloy correlations have
(22)

been discussed by Hodges.

If neighbors beyond the second are ignored, Si or C sites in
any polytype have ueighborhoods of two kinds, h or k, which are like

those in the cubic (k) or 2H (h) structures. The plianes in the poly-~

type stacking sequence may then also be labeled h or k, leading to the

hk polytype uotation,(l) from which one can obtain immediately the

percentage of h planes. This is the order parameter against which

class A properties are plotted.

Figure 3 shows that, for several SiC polytypes, the anisotropy

in the transverse optical phonon energies, and the c/a axial ratios are

both proportional to "percent h'. In ZnS polytypes a similar relation

exists for the direct energy gaps and for the birefringence. As noted

above, the birefringence measured near the direct gap at k = 0 may

have the character of a class A property.

e
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Most of the small class A differences appzar to be determined
by the polytype anisotropy, which seems to vary between the iimits for
cubic (3C) and wurtzite (2HO in a regular manner that is adequately
described by the "percent h". Whether class C properties may also be
correlated with "percent h" has not yet been established. At one time
the correlation appeared to hold for a class B property, the SiC

(11) (12)

indirect gaps, but it failed to predict the 2H gap. On reflec-

tion, there does not appear to be any reason for the correlation to

hold for class B properties.

- 10 -
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Fig. 1

Fig. 2

Fig. 3

FIGGRE CAPTIONS

Hz1f a nirror plane of 2 large zone for 33R SiC. The heavy
lipe is the zone boundary. Lighter lines represent energy
discontinuities, of wliich there are two kinds. Those
corresponding ¢o the brokean horizontal lines are extrecely

weak, but others, indicated by oblique lines, are strong.

Axial phcaon dispersiom curves in a standard large zone.
One set of curves fits the Ramau scattering data of four

SiC poiytypes.

Two measures of polytype anisotropy in SiC pleotted against
"“percent h". (a) The clesed circles represent the anisotropy

l_TOZ)’ from Raman

measurements. (b) Open circles are reduced c/a axial ratios

of the transverse optical phonon modes (T0

for polytypes 6H and 2H, from X-ray measurements.
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APPENDIX D —- Optical Properties of Polytypes of SiC:
Interband Absorption, and Luminescence
of Nitrogen-Exciton Complexes
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OPTICAL PROPERTIES OF POLYTYPES OF SiC: %
INTERBAND ABSORPTLION, AND LUMINESCENCE OF NITROGEN-EXCITON COMPLEXES

W. J. Choyke

Westinghouse Research Laboratories
Pittsburgh, Pernsylvania 15235

Abstract

A summary is given of the optical absorption in seven polytypes
of SiC. Nitrogen-exciton four-particle and three-particle spectra for
a number of polytypes are discussed. Combining energies from four-
particle and three-particle no-phonon data to yield values for donor

ionization energies is reviewed.

*The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
under Contract AF 19(628)-68-C-0272, but the report does not
necessarily reflect endorsement by the sponsor.
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I. INTRODUCTION

Since the last SiC Conference almost tenr years ago, considerable
effort, a2ll over the world, has been spent on studying the optical pro-
perties of this fascinating family cf polytypes. To review critically
so much work in so little spare is fruitless both to the reader and to
the writer, the latter having to bear the abuse from authors who feel
they have not been fairly cited. Comsequently, we choosea to summarize
some of the results obtained in our laboratories during this ten-year

interval, keeping in mind the current interest in junction devices.

II. ABSORPTION SPECTRUM

The absorption edges of seven polytypes of SiC are shown in
Fig, 1. The shape of the edges is characteristic of indirect transi-
tions which create excitons. As is customary for indirect transitions,(l)
we have plotted the square root of the absorption coefficient against
photon energy. Only the phonon emission part is significant at 4.2°K
and only the 'principal" phonons give rise to resolvable structure.
Absorption curves for E II C have also been obtained but the structure is
not as well resolved as for E | C and in general the absorption is

(2)

weaker.

The structure marked by letters and arrows in Fig. 1 is due

to emission of some of the "principal" phonons, which have wave vector
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k at the large zone bourndary, and have very similar energies in all the

(3)

polytypes showr except 2H. The phonon energies are obtained much
more accurately from luminescence measurements (Sec. IXI), aud it is the
combined information from absorption and luminescence which gives us the
values of the exciten energy gaps (EGX) indicated by arrows on the
abscissa in Fig. 1.

All the absorption edges except 2H can be approximately
superimposed after an energy shift and multipiication of o by an appre-
priate factor. This is a consequence of the nearly identical "principal"
phonon energies in these polytypes. Im the case of 2H the phonon ener-
gies are different znd no superposition is possible. WNevertheless, a
rough comparison of absorptioa strengths is still possible, and we find
a ten-to-one variation among the polytypes. This is an example of a
Class B property.(a)

In Fig. 2 we give values for the exciton energy gap EGX at
4.2°K for eight polytypes. Tihe temperature dependence of EGX over a
considerable range of temperature has been measured only for 4H, 6H,
15R, and 21R. The solid lines indicate range of actual measurement of
EGX whereas the dashed lines indicate a rough estimate of the temperature
dependence. The temperature variation of EGX is obtained from absorp-
tion measurements by observing, a. low temperatures, the break im the
curve which indicates the beginning of the phonon emission part; and at
high temperatures the break which indicates the beginning of the phonon

absorption part. All structure in the absorption edge becomes less

distinct with increasing temperature; hence, the high temperature portion




of Fig. 2 is somewhat uncertain. The assumed similarity of the
3 ’ temperature dependence of EGX for all the polytypes is based on the
similarity of their phonon spectra.

Recert reflectivity studies on 6H SiC in the ultraviolet have
. shown some weak structure at 4.6 eV but were irconclusive as to whather

tkis structure is of an intrinsic nature and whether it is asscciated

N Wy 1 TV RN

. . - (5,6 s R
with a direct transition at 4.6 ev(s’ ) Optical absorption measure-~

ments on very thin crystals provide an alternative experimentil technique

My ea el T

for examining structure in this region. One is able to grow thin samples
of a few microns thickness and prepare samples as thin as 1.8u.(7)
Figure 3 shows absorption measurements on 6H SiC to nearly

2 4.9 eV. The typical crystal habit of hexagonal SiC restricts measure-

ments to one polarization directior (E | C), but this is the direction

~ e T

for vhich the reflectance measurements were made. The results show

BT

three successive indirect edges, indicated by E, . E, , and EG in
3

3 Fig. 3 and a fourth absorption edge EG4 at 4.6 ev. E64 2lso appears te
be indirect but one cannot be certain since it becomes increasingly
difficult to distinguish between direct and indirect edges as one goes

s to higher energies. An indirect edge at 4.6 eV is incanable of explain-
ing the reported structure in the reflectivity. One must conclude at

this stage that the character of the 4.6 eV edge has not yet been

established.

E i III. EXCITON RECOMBINATION RADIATION

The mechanism of exciton reccombination for an indirect

4 semiconductor is illustrated schematically in Fig. 4. TFor a bound

-3 -
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exciton, the hole at k=0 and the electron at X = iéB may recompine
without phonon enission in some fraction of the trancitions. This gives
rise to very sharp lines tercmed, "no-phonon lines". 1In $iC polytypes
with multiple éonor sites, the ralative strength of a no-phonon line
shows a direct correlation with the binding energy, Eéx’ by which an
exciton is bound to a meutral dcnor. In other transitions crystal
mooentun is preserved by ewmission of 2 phonon which either scatters the
electron te an intermediate conduction-band state at g;, or scatters
the hole to an intermediate valernce-band state at EéB' Many recombina-
tion charnels are availszble, because either the electron or the hole
scattering =2y be to one of several bands of intermediate states. Those
bands are favored which most nearly conserve energy in the intermediate
state.(l)
In Table I we sucmarize, for 8 polvtypes of SiC, the theoretically
possible number of no-phonon and one-phonon lines that one might expect to
see in the luminescence spectrum of a four particle nitrogen—exciton
complex. The large unit cells of polytypes 4H, 6H, 8H, 15R, 21R, and
33R have several sites, pot required to be equivalent by crystal
symmetry. If the effective mass approximation for -shallow donors(g) in
these polytypes is inexact, we expect to obtain one no-phonon line and a
family of one-phonon lines for each inequivalent site. The simplest
spectrum is obtained for cubic SiC since it has the fewest atoms in the
unit ceil of any polytype. In Fig. 5 we show its four particle nitrogen-

exciton complex spectrum. There are 5 strong narrow lines which are

labeled according to the phonon emitted in the tramsition, with "O"




Ftud

TABLE I

Total number of no-phonon and one-phenon lines
theoretically observable in a four particle
nitroegen-exciton complex spectrum of 3C, 8H,

21wr, 15R, 33R, 6H, 4H and 2H SiC.

Atons o? ) Number of Ineq?ivalent Sound Exciton Lines
Polytype C.and Si P?cnon Bfanches .Sltes
GO | oy | ooy | ueniheyy [o-Phonon  one-phonn
3c 2 6 I I + 6
8H 16 » 48 v Iv + 192
21R 147 | 42 VII VII + 29
i5R 10 30 A\ Y + 150
33R 22 66 XX X1 + 726
6H 12 36 II1 Ii: + 108
44 8 24 11 I1 + 48
2H 4 12 I I + 12

indicating that in which no phonon is emitted. The exciton energy gap

EGX’ determined from absorption measurements, is indicated by the heavy

arrow in Fig. 5. The displacement of the "0" peak from E x is 10 meV,

G
and is a measure of the energy by which the exciton is bound to the
nitrogen. The small value of this binding energy is one indicatién that

the complex is formed by an exciton and a ueutral nitrogen (to form a

four particle complex). The binding of an exciton to ionized nitrogen




D 2 Sk

[ 4% o ac sy e

P

i RO Al s w sl e v,

A\ e % st ke aaa

to form a three particle complex would be comparable with the io :aticn

V2
energy of the nitrogen (perhaps 100 meV).(ld) A three-particle sy :rum
has not been observed in cubic SiC whereas it is quite strong in 6H,(10)
33R,(11) and 15R Sic.(z)

The phonon vnergies derived from Fig. 5 are listed in Table 11,

together with the principal phonons in 21R, 15R, 33K, 6H, 4H, and 2H SiC.

TABLE II

Comparison of principal phonon energies in seven polytypes.
Energies in meV. T = transverse, A = acoustic,
L = longitudinal, @ = optic.

Phonon
Branch Cubic | 21R 15R 33R 6H 4H 24
TAl 46.3 | 46.¢ 46.3 46.3 46.3 46.7 52.5
51.4 .
TA2 53 51.9 52.3 53.5 53.4 61.5
76.9
LA 79.5 | 77.5 78.2 77.5 77.5 78.8
TO1 94.4 | 94.5 94.6 94.7 94.7 95.0 91.2
TO2 95.7 95.7 95.6 100.3
“ 104.0
10 102.8 (104 103.7 | 103.7 | 104.2 104.3 103.4

For cubic SiC the notation for transverse acoustic (TA),
longitudinal acoustic (LA), transverse optical (TO), and longitudinal

optical (LO) is accurate, since the cubic conduction band minima are on

(12)

the symmetry axes. For the hexagonal and rhombohedral polytypes




i the notation is somewhat inaccurate, but convenient, When using the
o large zone, the number of phonon energies assigned to each branch is
? _ iz @), 2], 02 D], ad 10 [ 2] vhere n is the

number of atoms in the unit cell, as given in Table I. Neglecting
polytyp= 24 for the moment let us compare the principal phoncn for

cubic, 21R, 15R, 33R, 6H, and 4H. Hfere we compare 6 polytypes with 3

-
different symmetries, whose phonons have k vectors which are determined

L3

by the positions of the conduction-band minima. For the transverse
phonons the agreement is essentially within experimental error. In the
case of the longitudinal phonons there appears to be a slight trend in

the sequence cubic, 21R, 15R, 33R, 6H, 4H: namely, LA decreases while

LO increases.

(12)

The calculation of Herman, Kortum and Kuglin for cubic

SiC places the conduction-band minima at X, i.e. at the zone boundary

in < 100 > directions. Hence in cubic SiC the two TA momentum con-
serving phonons should be degenerate, and likewise, the two TO phonons.
This is consistent with the data in Fig. 5 where we find 4 rather than

6 phonons. In additicn, our previous comparison of the principal phonons

indicates that the conduction-band minima of the other polytypes are

likely to be at the large zone boundaries. Thus we have three conduction-

band minima for cubic SiC and probably 12 minima for 4H and 6H and

g' 6 minima for 33R, 15R, and 21R.
’ In 2H SiC(3) the experimental data can be used together with
2 symmetcy arguments to place 2 conduction~band minima at the K positions

LEA)

of the Brillouin zone.
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(13)

We shall now consider zwo Lampert complexes in greater

detail, namely: (a) an exciton bound to a neutral donor {four-particle

~omplex, or @), and (b) an exciton bound to a donor ion (three-

particle complex, or @-). In Fig. 6 we give both Lampert's pictorial
notation and ours, and in terms of this notation we defime six disso-

I i ; 10 . .
ciation or binding energles.( ) The energies required to remove

excitons from four- or three~particle complexes, El}}' and E3x’ can be
expressad in terms of the independent energies defined by the first and

fourth equation in Fig. 6. Hence we can obtain the relations:

Elsx = E3x + E3 - Ex and E3x = E3 + Ei - Ex' By combining these rela-

tions we get an expression for the donor ionization energy:

E. =E, -E _+E,. Our measurements give accurate values for E, and
i 3x 4x 4 Ix
E[* . An estimate of E4 can only be obtained rather indirectly, as out-

lined in Sec. VI of Ref. 10 for a 6H donor. Figure 6 also shows levels
which represent possible relative energies of various combinations of

the particles which form a four-particle complex.

We are now in a position to compare, in Fig. 7, the observed

@ and@particle nitxogen exciton no~phonon spectra of 2H, 4H, 6H,

33R, 15R, 21R and 3C SiC.
In 2H a very weak@no—phonon line was observed at 3.320 eV,

giving a value of E4x of 10 meV. Notably absent for 2H SiC is the@

particle spectrum.
For 4H SiC at 6°K we have two @no—phonon lines with de

values of 7 meV and 20 meV, At about 20°K the 7 meV line disappears

because of thermal dissociation of the complex. An examination of about
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fifty 4H -samples showed, in every case, a@p_article spectrum stable
up to 77°K which, however, is almost certainly not due to nitrogeri. In
other crystals of 4H SiC many narrow-spaced sharp liunes were also

observed and appear to be similar to donor—acceptor pair lines seen in

GaPp. (14,15)

In 6H SiC at 6°K we observe three @no—phonon lines with
binding energies of 16, 31, and 33 meV. At 15°K the 16 meV line is
about half its 6°K value, and all three lines have disappeared by 77°K.
Contrary to the previous situation in 2H and 4H, we have a strong@
nitrogen spectrum in 6H. As we have already noted on Fig. 6, the binding
energy E3x is large compared to El;x and the exciton binding energy Ex'
Hence for 6H SiC we have three @ no-phonon lines with E3x of 162, 203,
and 237 meV.

For 33R SiC we would expect 11 @no-—phonon lines since
nitrogen is almost certainly distributed over the 11 sites, but we
observe only 10. Even at very low temperatures the eleventh line was
not observed, and it is unlikely to be concealed in an unre¢solved doublet.

It is thought to be missing because of toco small a value of E The

4x°
values of qu range from 9.2 to.33.2Z meV. Some lines are so close
together that they are not shown resolved in Fig. 7. As in 6H SiC there

is a strong@nitrogen spectrun visible up to 77°K. We see 9 (perhaps

10) lines with E, ranging from 142 to 220 meV.

3x
For 15R we should expect 5 @no—phonon lines but we show
only four in Fig. 7. The missing line is believed to be associated with

the "same" site as that responsible for the missing @no-phonon line
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(11)

in 33R SiC. The E, values are 7, 9, 19, and 20 meV. As in 6H and

4x
33R we also have a strong @m’.trogen spectrum but it is nec longer

visible at 77°K. This accounts for the fact that under U.V. illumination
at 77°K 6H and 15R nitrogen-doped samples will have a distinctly differ-—

ent cclor. The measured values of E, are 125, 148, 158, and 199 meV.

3x
The 21R luminescence spectrum at 6°K of @nitrogen exciton
(16)

complexes yields 6 instead of an expected 7 no-phonon lines. As in
the case of 33R and 15R it is possible that the binding energy to the
seventh site is very small. However, a spectrum taken at 1.6°K did not
reveal a seventh line. The values of E&x in 21R range from 10 to 40 meV.

No trace of a @specttum was observed.

Finally, we have the single no-phonon line for cubic $iC which
has already been discussed in connection with Fig. 5. Again we see no
@ particle spectrum. Four of the seven spectra shown in Fig. 7 do
not have a @spectrum associated with the @ spectrum. Possible

reasons for the absence of three-particle complexes have been advanced
by several authors.(l7’18’19’20)
Lastly, we should like to make some general remarks about che
rather complicated nitrogen-exciton luminescence spectra which are
actually observed. A schematic of such a spectrum for 6H SiC is shown
in Fig. 8, In addition to the no-phonon lines already discussed, we may
have phcnon lines associated with the free exciton, and a phonon spec-
trum associated with each type of complex. That obtained from the.<::)

particle spectrum is characteristic of a lcosely bound center, and that

obtained from the@particle spectrum is characteristic of a tightly

- 10 -
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bound center. At higher temperatures, lines due to thermally excited
states of the complexes are observed. The excited states of thc<:::>
particle complexes, in general., appear to be due to the presence of a
second valence band (spin-orbit splitting) while those of the @parti—
cle complexes are attributed to valley-orbit splitting. However, addi-
tional complications can arise such that the final state is one in which
the donor electron is not in the lowest valley-orbit state.

In the case where one is able to observe hoth a @particle
and (::>particle nitrogan~spectrum, such as in 6H, 33R, and 15R, ope is
able to make estimates of the donor ionization energies Ei' As an
example we take 6H SiC as shown on the right side of Fig. 8. Recalling
the relationship Ei = E3x - Eéx + E4 and pairing the no-phonon lines
A with P, B with R, and C with S, we obtain three values for Ei(minimum)'

Using a value of 25 meV for Ea(lo) we obtain probable values for the

donor ionization energies of 170, 200, and 230 meV.

IV. CONCLUSIONS

Much has been learned about the absorption spectra of SiC and
the luminescence spectra of nitrogen-exciton complexes. However, our
understanding of other impurity spectra in SiC is far less advanced.
Higher transitions are still poorly understood and await good band
calculations. Donor—-acceptor pair spectra abound but their unravelling
awaits a far more sophisticated understanding of the energy levels of
the donors and acceptors which are involved. Hopefully, in another ten

years we shall have another SiC Conference and then the band structure

- 11 ~
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and "zoology" of manyimpurities in S$iC will be fully understood. This
will not only be intellectually satisfying but wiil, without doubt,

make possible far greater utilization of SiC fox device applications.
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Fig. 1

TFig. 2

Fig, 3

Fig. 4

FIGURE CAPTIONS

Absorption edge of polytypes 3C, 21R, 15R, 33R, 6H, 4H, and

2H SiC at 4.2°K, for light polarized E | C. The structure is
characteristic of indirect exciton-creating transitions. Only
the phonon emission part is observed at this temperature, and
the resolved structure is due to the emission of a small number

of "principal" phounons.

Temperature dependence of the 2H, %H, 6H, 33R, 15R, 21R, 8H,

and cubic exciton eaergy gap, E Solid lines indicate range

GX'

of actual measurements. Dashed lines indicate a rough estimate

of the temperature dependence. The usual gap EG’ is given by

=K s i i 3
EG Eex + EX’ where EX is the still unknown exciton binding
energy.

Plot of al/z versus hv at 300°K with light polarized E l_C
and data from many samples. Measured values fall on straight-
line segments (solid), or in transitional regioas (dotted).

The four arrows indicate the estimated values of EG.

Schematic of jndirect exciton recombination for a semiconductor
with valence band (V¥.B.) maximum at k = 0 and conduction band

(C.B.) minimum at k = k The no-phonon transition occurs

CB’
only for bound excitons. Other recombination modes require
both an optical (vertical) transition and an electron or hole

scattering, going through a number of intermediate states in

which energy need not be conserved.
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Fig. 5

Fig. 6

Fig. 7

Fig. 8

The luninescence spectrua of four-particle aitrogen-exciton
complexes in cubic Sic.at 5°X. The phonon-free line is labeled
U9" and its energy is used as the zero for the upper “phonon
energy" scale, froo which one may read directly the energies
of TA, LA, T0, and LO phonorns. The 10 meV betwzen "ECX" and

"0" is a neasure of the binding energy of the exciton to the

nitrogen aton.

Enexrgy-level diagraa, notation, and definiticns. The levels

L

epresent possible relative energies of various ¢ocbinztions
of the particles which form a faur-particle complex. The
cozplex itself is the lowest level, being the most strongly
bound combination. The tep level represents the cozpletely
separated particles. The distance between levels gives the
binding energiess defined by the equations on the left of the

£igure.

Observed nc-phonon lines in @and @particle nitrogen

exciton spectrum of 2B 4H, 33R, 15R, 21R, and 3C SicC.

A diagram showing the emergy ranges of the two distinct 6H
nitrogen-exciton @ and @particle spectra, and indicating
the positions of tlie three no-phonon lines in each spectrum.
Pairing lines A with P, B with R, and C with S we ¢btain three

values for may be obtained from the

Ei(minimum)' Ei(probable)

relation Ei(probable) = E3x - E4x + (R225 meV).
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